CHEMICAL REACTION STUDIES WITH A HYDROMAGNETIC SHOCK TUBE

By James L. Lauer and Robert L. James
Sun 0il Company, Marcus Hook, Pennsylvania

INTRODUCTION

To gain quick gualitative information about high-temperature reactions, the
hydromagnetic shock tube originally designed by Fowler and ldter modified by Kolb
has been found usefuf?v In this tube a shock wave is produced by the rapid dis-
charge of a high-voltage condenser through an arc formed between two electrodes
perpendicular to the tube axis and located at one end of the tube. Compared to
the mechanical or diaphragm shock tube, the hydromagnetic tube is but a small toy,
generally less than 2 feet long and having only one chamber. Series of equivalent
shock waves can be passed through a gaseous reaction mixture and significant yields
of product obtained. Effective contact times are very short (shorter tham normally
obtainable with an electric arc) and exceedingly high temperatures can be reached.
These advantages are partly offset, however, by non-uniform shock velocity, the
influence of the electric arc on the reactionm, the requirement of low gas pressure,
all of these making quantitative analysis of the entire process exceedingly dif-
ficult.

However, when the reaction products were stable and the reaction studied was
one of high activation energy, much could be learned from a few experiments with
the hydromagnetic shock tube. The only parameters determined were product composi-
tion and shock velocity. Details of the procedure, applied mostly to the pyrolysis
of methane, are explained in the following sectioms.

APPARATUS

Figure 1 is a schematic drawing of ou%nhydromagnetic shock tube. It is a
modification of the so-called "Tee" or Kolb''tube, the principal difference being
that it is constructed of standard Pyrex pipe parts making for easy disassembling,
cleaning, and exchanging. The electrodes along the bar of the tee-tube are con-
nected in parallel with a high-voltage, low-inductance condenser (1.6 or 15
microfarads, 25 kv). A high-pressure gap, containing nitrogen between two stain-
less steel electrodes 18 interposed between one of the tube electrodes and the
high-voltage side of the condenser to function as a switch. The entire tee-tube
is filled with the gas mixture to be studied, which is usually at pressures of
from 10 to 100 mm of Hg. To effect a discharge, the condenser is charged from a
d.c. power supply and the gap switch triggered by means of an auxiliary electrode
(not shown) brought to high potential by an automotive ignition coil attached to
a battery. The discharge current returns to the ground side of the condenser
through a strap located along the tee-tube between the two electrodes. As the
. current passes, it induces a magnetic field in the electrode section in a direc-
tion such as to produce am umbalanced force on the ions in the arc. This force
propels the ions and the gas molecules colliding with them down the stem of the
tee-tube. This "magnetic driving" accounts for about one-quarter to one-half the
energy in the shock wave. Mainly, however, the shock wave is generated by the
"pinch" effect of the discharge: The arc, constituting a rapidly varying current,
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constricts about its axis ("pinch"), thereby heating the gas there to a very high

temperature and bringing it to a pressure higher than that prevailing in the rest

of the tube, Later expansion of this gas results in a shock wave propagating down
the tube,

The dimensions of the apparatus were arrived at after considerable experimen-
tation in which we tried to balance high shock velocity with convenience and safety
of operation. The diameter of the tee-tube is 1 inch; the length of the stem por-
tion cap be varied by using different sections of pipe, but 1s usually between 1/2
and 2 feet; the gap between the electrodes is about 1/2 inch wide. All electrical
leads are brass straps, l-inch wide and 1/16-iach thick, to reduce inductance
losses. '

Shock arrival times were measured with a Tektronix Model 545A oscilloscope,
using an inductive pickup (a few turns of wire) from the ground lead of the con-
denser to start the trace and a pressure or photo pickup at different locations
along the tube to give an indication of the shock's position. Generally a Kistler -
piezoelectric pickup was used at the end of the tube whére it faced the shock wave
directly.

Figure 2 is a photograph of the apparatus during the passage of a very strong
shock wave. The sharp, luminous front representing the farthest travel of excited
ions and molecules is clearly shown, Figure 3 is the oscillogram for this partic-
ular experiment., The first sharp downward excursion of the trace corresponds to
the arrival of the primary shock wave at the end of the tube, the second and third
(smaller) excursions correspond to the arrival of the shock wave after traversal
of 3 and 5 tube lengths, or = in other words — after 2 and 4 reflections at the
tube ends. - '

THEORY
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FPowler and covorké;é Lere the first to investigate the phenomenon of the so-
called "Rayleigh Afterglow," {.e., the luminosity produced outside of the electrode
region in a short-lived gas discharge and lasting considerably beyond the duration
of the discharge. They established that the afterglow was due to gas molecules
excited by very intense shock waves originating in the discharge. Their shock
velocity and luminous front velocity measuremgntsvvere'iﬁ general agreement with
the theory of shock and detonmation waves. Several years later, Kolﬁ?’in an effort
to produce very intense shock waves and thereby very high temperatures in deuterium
(hoping to start a nuclear fusion reaction) modified the Fowler tube, chiefly by
adding the return strap and other features to get the effect of "magnetic driving."
Simultaneously, Harris“’developed a theoretical analysis of the Fowler tube by
solving the following problem: "A given amount of emergy W is deposited instan-
taneously in a very narrow slab of fluid in a tube of unit cross section. We wish
to find the subsequent motion of the fluid." Using the methods of similarity
analysis and approximations reasonable for strong shock waves (among others, that
all the mass is concentrated at the shock front and that it has the velocity and
internal energy prevailing there), Harris found that the shock radius R of a one-
dimensional wave should vary with time according to the expression

R-@EEI o

vherejf is the heat capacity ratio (assumed independent of temperature) and .

the gas density ahead of the shock front. (Equation (1) is amnalogous to an expres-
sion derived by G. I. Taylotﬂfor She propagation of spherical blast waves in the
wake of atomic bomb exploaions.)('3 .
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G’ried to check Harris' equation with the Kolb tube and found that am
'empirical relation between R and t, viz.,
t= AR™ . @)
was a truer representation of his data than Equation (1), which, however, was in
good agreement with the general trends (e.g., changes in W and gb) Recently,
Agobian and Lifschit’have performed similar experiments and have come to agree

with Kash. They also made a brief analysis of the reasons for the deviation of
their results from Harris' formula.

Our own results with methane, nitrogen and other gases always showed agreement
with Equation (2). However, under some conditions of low pressure and high dis-
. charge energy, our results have come very clogse to agree with Equation (1).

By combining the "blast wave" equation (Equation 1) with first order kinetics,
it was possible to test at least the reasonableness of kinetic comstants either
assumed or found im the literature. While the procedure used wags admittedly quite
approximate, it proved to be consistent in itself and with other data in the case
of methane pyrolysis. The theory behind it is, therefore, briefly sketched here
and the method of calculation illustrated in Paragraph (f) of the next section of
this paper.

Differentiation of Equation (2) with respect to time yields an equation for
the shock velocity, viz.

R =)t Gs)

which 18 related to the ratio of teqperatures behind and in front of the shock
front by the "strong shock" formula?”

T o Zplr0R] - ()
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a, and T, being the sound velocity and temperature in the medium ahead of the shock

front. Equation (4) holds for ( —1)RY 22 = | , a condition fairly well
satigfied in our experiments over the region where reaction took place.

A monomolecular decomposition is described by
-d,lnc =/£dl: (:5)

vhere ¢ is the concentration or partial pressure of the decomposing material, t the
time, and k the reaction velocity constant defined by the Arrhenius formula
-E/R'T
A& = ze ‘ )

(z is the frequency factor, Ea the activation emergy per mole, R' the universal
gas constant, T the absolute temperature). By making the assumption of Harris and
considering all the mass concentrated at the shock front, it is permissible to sub-
stitute T from Equation (4) into Equation (6) and use the resulting k in Equation
(5). Thus one gets after 1ntegration. z—zﬁu
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The integral of Equation (7) can be vritten in the form ’
d
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where the incomplete gamma functions can be expressed in terms of confluent hyper-
geometric functions according to the formula

r[C ) =~ '1 —* (C- /)/C—'[/ C-1; 7—] (C—/)c__"‘ él
v"e #)
Wl m= 3 ,'Z/_:Cz '

2
Equation (9) was derived fram recurrence relations given in Slater's "Con-

fluent Hypergeometric Functions." It i{s already in a form suitable for use with
the tables contained in the same treatise’

The isentropic index / used in Equatiomn (7) is an “"effective" )~ over the
portion of the shock tube for which the reagent concentration is changed from Co to
C by passage of the shock wave. Concentrations are found by analysis of the tube's
contents, for varying tube lengths or varying positions of a barrier within the
tube (cf., following section). Thus, extents of reaction in different portions of
the tube can be calculated (shock strength attenuates with distance from the arc
region). .

EXPERIMENTAL RESULTS

(a) Relacive Amounts of Reaction in Electrode_ _and Shock Tube Portions

In order to determine the relative extent of reaction in the electrode and
shock tube sections of the tee-tube, we placed a.loosely fitting barrier in the
shock tube at various distances from the electrodes in such a way as to reflect
oncoming shock waves. The composition aof the gas mixture after discharge was
found to depend strongly on the position of the barrier. When the tube had been
originally filled with methane, it was possible to double the proportiom of
acetylene in the final mixture by placing the barrier a certain distance from the
arc (around 5 inches under our comditions). This effect of the barrier (the
barrier did not change tube volume) was a maximm at a certain distance from the
electrodes and decreased more sharply with decrease than with increase of distance .
from the position of maximum influence. The effect of the barrier dropped to zero
at about five times the distance of the maximum from the electrodes. This effect
on reaction rate we ascribed to reactiona taking place in the wake of a shock wave

"derived from the primary shock wave by reflection at the barrier. When the barrier

was far from the electrode region, the shock wave was too weak to cauge further
reaction; when it was wvery close to the electrode section, a shock wave had not
yet formed and reaction was due to the arc.

By this procedure, we were able to estimate for the conditions of discharge
voltage, pressure, electrode distance, etc., what the relative influences of arc
and shock wave on the (high-temperature) reaction were and over what distance down
the tube reaction took place. '
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(b) Effect of Increaged Electric Energy Expenditure on Extent of Reaction

As mentioned earlier, the hydromagnetic shock tube permits passage of /
successive shocks through the same gas mixture, Thus it is possible to increase i
the energy input in two ways: (1) by increasing the discharge enmergy C(higher \
capacitance, higher condemnser voltage) and (2) by increasding the number of dis- : 4
charges per experiment, every discharge occurring at the same potential. Both ‘

. methods increased the concentration of acetylene in the final gas mizture (analyses 1
were done on aliquot samples from the tube either by mass spectrometry or by gas |
chromatography). However, the latter method was more instructive, for, as Table I
shows, the gradual substitutiom of ethylene for acetylene was demonstrated.

Table I also illustrates the effect of increase in shock strength by the intro- ;

" duction of "magnetic driving." When the return strap had been removed from the :
electrode portion, the yields of product were considerably lower. {

(c)  Effect of Initial Pressure om Extent of Reaction

As expected from the theoretical analysis (Equation (1)), higher initial 1
pressures (higher Q,) should result in shorter shock radii at a given time (lower )
shock velocities) and hence lower temperatures and less reaction. This result 1is [
indeed obtained (Table II). However, probably because the methame decomposition

reaction proceeds with an increase in volume, the decrease of acetylene concen- !
tration is even greater than one would otherwise predict.

(d) Shock Velocities

Figure 4 contains plots of arrival times in nitrogen of shock waves against 4
breakdown voltage for various pressures. On the logarithmic scales, the curves
are reagsonably straight lines of slopes in agreement with predictions from
Equation (1).

The variation of arrival time in methane with distance is shown in Figure 5.
The curves are straight lines on a logarithmic plot. Thus the slope of these lines
corresponds to n and the intercept to A of Equation (2). Over the distances shown,
the exponent n is nearly independent of pressure and of breakdown voltage, as pre-
dicted theoretically. It is also nearly equal to 1.5, the theoretical value., A
varies with pressure and discharge voltage according to Equation (1).

When a series of discharges and shock waves were passed through methane,
arrival times at a fixed location changed as composition and pressure of the gas
mixture changed, the result being a gradual decrease of arrival time or increase
in shock velocity. By measuring both total pressure change and shock velocity
for every shock passed through a given gas mixture, it was often possible to learn
enough about the extent of reaction without further analysis; e.g., if one wanted
to know what influence a change in the .concentration of a particular reagent would
have on the yield of a particular product, : :

An example of such a study is the effect of hydrogen on the pyrolysis of
methane, which is illustrated in Table III. Increases in the hydrogen/methane
ratio led to higher conversion of methane, but more to ethylene than to acetylene.
The proportions of the products could be deduced from pressure and velocity measure-
ments only.

(e) Pyrolysis of Hydrocarbons

The pyrolysis of methane in the hydromagmetic shock tube was used in the
preceding sections to illustrate the method. Ethylene, acetylene, hydrogen and
carbon were the principal products. Any change of conditions leading to an increase
of temperature behind the shock wave (lowering of pressure, increase of breakdown
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potential) resulted in an increase of acetyleme and hydrogen production and a
decrease of ethylene and carbon production. The converse was also found to be
true. The heat capacity ratio of the higher paraffins 1s smaller than that of
methane. According to Equation (1) the shock velocity should, therefore, be
lower, which in turn would produce a lower temperature in the wake of the shock
wave (Equation (4)). Thus, higher paraffins would be expected to yield relatively
more ethylene and carbon than would methane under otherwise identical conditionms.
This was indeed the result obtained. Under the same conditions, however, olefins
yielded more carbon than the corresponding paraffins, Evidently not only heat
capacities but also energies of formation and kinetics of pyrolysis play an
important role. When the differences of experimental conditioms were taken into
account, our work on hydrocarbon pyrolysis appeared to be in general agreement,,
with that of Greeme, Taylor, and Patterson, who.used a conventional shock tube.
Our pyrolysis work is still continuing and will form the subject of a later paper.

(f) KRinetic Parameters in the Pyrolysis of Methane

In a series of experiments with pure methane at a breakdown voltage of 16 kv
and 60 mm of pressure, shock arrival times were measured as a function of distance
along the tube axis and from the slopes and intercepts of the curves (Figure 5)
the parameters A = 0.512 x 106 and n = 1.5 were obtained (ef., Equation (2)). For
a distance of about 13 ¢m from the arc section (26 microseconds arrival time), an
effective g' of 1.15 was calculated. (Because the value of n obtained was the
theoretical one, it was possible to calculate the energies per unit area of shock
front by differentiating Equation (1) and forming g.RR* . For breakdown
voltages of 10 to 18 kv, the ratio of this energy to the condenser emergy proved
to be very nearly constant (Table V), thus lending further support to the validity
of the blast wave treatment). Using literature values for the other quantities in
Equation (7a), B turned out to be 0.322. Taking Ea = 93 kcal (a reasonable value),
«1?of Equation (8) came out 26.6. Taking a time spread of 10 microseconds, the
integral of Equation (8) could be approximated by:

u 4 by . |
I~ (t-t)e™ ~ 0 xe™™ ~ 07" (o)

Dutingthisperiod about 1% of the methane was comverted to other products (ef.,
Figure 6%); hence, from Equation (7)

s 5 L) . 04 = 0" 7r)

This result fozvthe frequency factor is in remarkably close agreement with Heath
and Kevorkian'$”1.32 x 1014, considering the drastic approximations made. The
error in Z 18 probably about 2 orders of magnitude.

We do not recommend this przpedure for the determination for reaction kinetics;
many better methods are availabl %) We have included this example only to illus-
trate the consistency of the description of the phenomena observed.

*The maximum in this figure is probably caused by shock wave reflections. Their
effects have been removed in the above estimate.
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CONCLUDING REMARKS

As sald at the outset, the purpose of this paper was to illustrate a technique
for the study of high temperature reactioms. Accordingly, we have refrained from .
presenting many data obtained on specific reactions, especially since we have not
yet arrived at definite conclusions. For example, our obtaining more carbonm in
the pyrolysis of methane than in the pyrolysis of paraffins of higher molecular
weight under otherwise equal conditions could.also be regarded as evidence in
favor of Porter's theory of carbon formati f) For, if acetyleme is a necessary
intermediate whose rapid polymerization leads to carbon, as Porter asserts, then
molecules containing C; linkages would have a better chance of forming carbon.
Much more evidence is needed to support or reject this speculation.

To obtain quantitative information, we recently inserted a diaphragm into
the shock tube. It thus became a "conventional" tube, with the high-pressure
section electrically heated by the arc discharge. However, it differs from the
conventional shock tube by the higher Mach numbers and by the possibility of
reflecting primary shock fronts arriving at the tube's end as rarefaction rather .
than compression waves (because of the great temperature difference in the two
chambers at the time of diaphragm rupture). A method of "tailored interface" by
adjusting tube length is thus made available. This work will be the subject of a
later communication.
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TABLE 1

Composition of Gas Mixture Resulting from Passage
of Series of Shock Waves through Methane

18 kv. Breakdown Potential
Starting Pressure: 60 mm Hg

Compogition in Percent by Volume :
Original After 1 Shock After 5 Shocks Aftexr 20 Shocks

Magnetic Driving o= Yes Yes Yes No

Constituents
Hy -—- 6.1 25.0 50.9 42.0 -
CH,, 100 92.6 70.6 36.6 51l.4
CaHg | ~-- 0.2 0.1 0.4 0.3
CoHy, -~ 0.2 0.6 1.7 1.4
C,H, -—- 0.9 3.6 10.0 7.5
di-CoHy ~—- - 0.1 0.4 0.2

Final Pressure 60 63 70 89 76
(mm Hg)

Arrival Time at 670 665 ' 640 590 -

Tube's End (n secs.)

TABLE 11
Effect of Initial Pressure on Product

Distribution of Pyrolyzed Methane
Composition after 20 Shocks of 18 kv, Breakdown Potential

Initial Pressure, Percent by Volume

Constituents 20 60 120 mm Hg
CH 19.5 46.7 48.9
czﬁz 61l.2 43.6 26.6
CoH, 5.7 10.5 16.6
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gABLE 111

'Effect of Hydrogen on Pyrolysis of

Methane at Constant Total Pressure

18 kv. Breakdown Potenmtial

55.

Qggos;t!g after 5 Shocks in Percent of Methane Charged

Constituents No Initiasl Hi 10% H2 30% Hy
CH,, ' 60.7 ) . 54.3 48.6
CaHo 26.0 - 19.6 18.3
CoH, 4.2 : . 21.4 26.3
c 7.5 . 6.8 2.8

TABLE IV
‘Shock Arrival Times in.Methane at 25 cm
Distance as Functions of Breakdown Potentials
" Breakdown Potential (kv) 6.0 10.0 13.0 16.0 18.0

Condenser Energy, E,(joules) 270 750 1270 °© 1920 2430

Parameter A (u-sec. cm” ') 1.24 0,808 0.624 0.512 0.448

Arrival Time (u-sec.) v 155 101 78 64 ' 56

Shock Velocity (mm/u-sec.) 1.07 1.65 2.14 = 2.61 2.98

(Mach No.), 2.38 3.68 4,75 ~ 5.79 6.62

Energy in Shock Wave, go ’m‘(jm.xles/cmz) 1.622 3.515 5.74 8.74  11.42

pRR/E, (x 1073) : 6.0l 4.68 4.52 4.55 4.70



56.

JNOUA SNONTWNT HHI A0

NOLILVOVAOUd ONIMOHS HaVID0InHd Vv JINFIIDONVIAV OTIVITHHDS

T anNDLa

ARCHR A

SIIYNIHOHIIN G200
SAVHVIOUDIN 97!
= S110A 000'G2

H0119vdvD
dvo S1T0A 000'0€ LV
3YNSSI¥d  gay3IJWVOHDIN 002
HOH A1ddNS HIMOd
“~
§3Q0419373

7331S SS3IINIVLS

\ NOILOW- IAVMIOOHS

dvy 1S
NyN L3y
Ssvy8

WILSAS WNNOVA _

39NL MOOHS OJIL3INOVIWOMYAAH




: SYO0NS AUIDATATY UNV ANVWINA FAHI 40
NIOOYLIN NI SAWIL TVATWYV ADOHS TVATIUY T ONIMOHS WVEO0TIIOSO

S HINDIA ‘€ HUNDIA

'SLT0A0TIN ‘NMOAYVINE
09 ot 02 0l 9 v 4
LN O D T LI SLE L LI LS 00l
ol /
0e o0z =
09 =
00! 4 m
aoo~ Hooq =
H NN Joos ©
] o
- w
-10001 M
O
o
=z
0002 &3 .
W) §°0L = 3JONVLISIC 7 .
) 4000V

5



©Q
[Ta)
ZNVHIIH JO NOISYIANOD FRL NO .
HIONAT 901l 40 IO0AAIHA . INVIIEW NI SINIXL TVAIYYV MOOHS
*9 ANOIA - °S daNdId

SYILIWILNID ‘3FONVLSIO
001 09 Ob 02 O~ 9 ¥
mrrru7v1 13 ¥ AR BLLBLELES
Joi
SY3LIWILNID ‘IONVLSIA
00l 08 09 oOb 02 O 02
_.___-____qow 1 4
———— = 1, =z
s ~—~1on0 5 _ o m
. & 100 M
Jdarn © k
0z0 9 o 2
= | z
ot - 10 E o e g
) z ) XY = | o
A *NOXg Jovo S 8l ot¥ i o
. = 64 Joov
OH WM 09 = S53ud .?3 » o Jos
9 SH WW 09 = $S3ud Joo01
AN ‘NONE .




